Effects of 38 years of wildfires on tree density in the Blue Mountains, Australia by Rahmani, Simin & Price, Owen F
University of Wollongong 
Research Online 
Faculty of Science, Medicine and Health - 
Papers: Part B Faculty of Science, Medicine and Health 
1-1-2020 
Effects of 38 years of wildfires on tree density in the Blue Mountains, 
Australia 
Simin Rahmani 
University of Wollongong, sr042@uowmail.edu.au 
Owen F. Price 
University of Wollongong, oprice@uow.edu.au 
Follow this and additional works at: https://ro.uow.edu.au/smhpapers1 
Publication Details Citation 
Rahmani, S., & Price, O. F. (2020). Effects of 38 years of wildfires on tree density in the Blue Mountains, 
Australia. Faculty of Science, Medicine and Health - Papers: Part B. Retrieved from https://ro.uow.edu.au/
smhpapers1/1677 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 
Effects of 38 years of wildfires on tree density in the Blue Mountains, Australia 
Abstract 
© 2020 Ecological Society of Australia Forests are vital for biodiversity, carbon storage and ecosystem 
services, but can be potentially threatened by fires. Given the significance of forests and fire in a changing 
climate, research into the long-term effects of fire on forests plays an important role in understanding the 
global carbon cycle by the forests functioning as a large terrestrial carbon sink or source. In this study, we 
used aerial photography from 1975 and 2013 to count the change in the number of trees in 560 dry 
sclerophyll plots (40 × 40m) in the Blue Mountains of Australia. We analysed the relationship between the 
number of fires and severe fires in that period on the change in numbers of trees. We found that the 
average response was an increase of 1 tree per plot over 38 years. The number of fires had a small 
positive effect on tree numbers; plots with 2 or 3 severe fires had 1 and 2 extra trees, respectively, than 
those without fire. One exception was a severe fire in 2001 that did not show this positive effect, probably 
because it corresponded with extensive drought. Our findings suggest that number of forest canopy trees 
is resilient to the number of fires and number of severe fires. 
Publication Details 
Rahmani, S. & Price, O. (2020). Effects of 38 years of wildfires on tree density in the Blue Mountains, 
Australia. Austral Ecology, 
This journal article is available at Research Online: https://ro.uow.edu.au/smhpapers1/1677 
Effects of 38 years of wildfires on tree density in the Blue Mountains, Australia 1 
Simin Rahmani and Owen Price 2 
School of Earth, Atmosphere and Life Sciences, University of Wollongong, NSW 2522, 3 
Australia 4 
simin@uow.edu.au 5 
oprice@uow.edu.au  6 
 7 
Abstract: Forests are vital for biodiversity, carbon storage, and ecosystem services, but can 8 
be potentially threatened by fires. Given the significance of forests and fire in a changing 9 
climate, research into the long-term effects of fire on forests plays an important role in 10 
understanding the global carbon cycle by the forests functioning as a large terrestrial 11 
carbon sink or source. In this study, we used aerial photography from 1975 and 2013 to 12 
count the change in the number of trees in 560 dry sclerophyll plots (40 × 40m) in the Blue 13 
Mountains of Australia. We analyzed the relationship between the number of fires and 14 
severe fires in that period on the change in numbers of trees. We found that the average 15 
response was an increase of 1 tree per plot over 38 years. The number of fires had a small 16 
positive effect on tree numbers; plots with 2 or 3 severe fires had 1 and 2 extra trees 17 
respectively than those without fire. One exception was a severe fire in 2001 that did not 18 
show this positive effect, probably because it corresponded with extensive drought. Our 19 
findings suggest that number of forest canopy trees is resilient to the number of fires and 20 
number of severe fires. 21 
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Introduction 24 
Around the world, forests and the trees that comprise them are vitally important for carbon 25 
storage (Quéré et al., 2015), the rainfall they generate (Andrich and Imberger, 2013) and the 26 
biodiversity they harbor (Watson et al., 2018), and these three aspects are intricately linked. 27 
Disturbance to forests can threaten those values (Brienen et al., 2015), though extended lack of 28 
disturbance can also be detrimental, and disturbance that is neither too frequent or too rare 29 
probably promotes the highest biodiversity, as predicted by the Intermediate Disturbance 30 
Hypothesis (Connell, 1978). Disturbance is defined as a disruption that can change the 31 
ecosystem structure and composition by removing biomass from the system (e.g. fires) (Seidl et 32 
al., 2017). Wildfire is one of the disturbances that consumes large quantities of carbon (French 33 
et al., 2011, Keith et al., 2014) and has the potential to impact forest structure and biodiversity 34 
(Bradstock, 2010). Understanding the effects of fire on the number of trees and other plants is 35 
vital, both intrinsically and as a habitat for animals (Gill, 2012). There is evidence of increased 36 
forest fire frequency in recent decades as a consequence of climate change (Bradstock et al., 37 
2014, Westerling, 2016), and further increases are predicted (Bradstock et al., 2012), which 38 
increases the imperative to understand its effects. 39 
Australian forests are unusual globally because the most extensive types are dominated by re-40 
sprouting eucalypts that generally survive even severe fire (Enright and Fontaine, 2014, Gill, 41 
2012). Nevertheless, non-lethal stem death (called top-kill) is common in these trees.  For 42 
example, Bennett et al., (2016) found 45% top-kill in large trees (>70 cm dbh) after the severe 43 
Black Saturday fires (2009 wildfires of southeast Australia), and Fairman et al., (2017) reported 44 
>50% top-kill in sub-alpine eucalypt forests. Similarly, Parnaby et al., (2010) found 44% top-kill 45 
of hollow-bearing trees following a relatively low severity prescribed fire. Very severe fires can 46 
also cause substantial whole tree death (Bennett et al., 2016, Prior et al., 2016). All of these 47 
studies suggest a substantial reduction in carbon storage from a single fire, which has been 48 
estimated to be between 8-14% of the pre-fire levels (Prior et al., 2016). 49 
These studies may or may not be representative of the effects of fires in general. They all report 50 
the effects of a single fire event, which does not necessarily inform us about the long-term 51 
health of these forests. That is because trees usually recover and many habitat elements 52 
regenerate after fire. It is more important to understand the effects of the fire regime over 53 
decades rather than any single event. The regime experienced at a particular location is 54 
comprised of fire frequency, severity, season, and type (prescribed vs. wildfire) (Gill et al., 55 
1987). The impact of fire on tree demography is complex and involves interactions between 56 
regime components and forest type and pre- and post-fire environmental conditions (Coop et 57 
al., 2016, Fernandes et al., 2015, Van Mantgem et al., 2013). There have been few studies of 58 
the long-term effects of fire regimes on Australian forests (as opposed to single fires). One 59 
example is Gordon et al., (2018) who measured the above-ground carbon in 107 plots in dry 60 
tropical forest with different combinations of fire frequency, the severity of the most recent 61 
fire, and rainfall over a 44-year period. They found that fire frequency and severity had no 62 
detectable effect on the aboveground carbon stock over that period. In another example, 63 
Mclean et al., (2015) found that nesting hollow abundance in temperate forests was in a 64 
balance between destruction and creation, both caused by fire. Nesting hollows are destroyed 65 
when a fire completely burns and consumes a tree, but fire also causes trunk damage that leads 66 
to hollow formation. Russell-Smith et al., (2012) examined the vegetation in 48 tropical savanna 67 
woodlands monitoring plots over 15 years and found that mature eucalypt counts were 68 
negatively related to the frequency of moderately severe fires, but not significantly so.  69 
Similarly, Lehmann et al., (2008) found that high fire frequency was related to a small reduction 70 
in tree canopy cover over a 40-year period in 72 savanna plots. 71 
Environmental conditions other than fire could also contribute to any changes in number of 72 
trees. Drought patterns, especially, over any study period can cause a general increase or 73 
decrease in tree numbers across the forest (Mitchell et al., 2014, Nolan et al., 2020, Vicente-74 
Serrano et al., 2010). 75 
In this study, we compared the number of trees canopies in aerial photography from 1975 and 76 
2013 in 560 plots with a size of 1600m2 (area of each plot) in the Blue Mountains National Park, 77 
NSW Australia. We examined the influence of fire regimes on the change in number of trees 78 
over that 38-year period. We examined the following questions:  79 
I. What is the relationship between the total number of fires in the period of 1975 to 2013 80 
and the changes in the number of trees in the eucalypt forest?  81 
II. What is the relationship between severe fires and the changes in the number of trees? 82 
III. Does the relationship between fires and number of trees differ among fire years?  83 
Methods 84 
The study area was the Blue Mountains National Park, a 270,000-ha protected area dominated 85 
by re-sprouting dry sclerophyll eucalypt forest 50 km west of Sydney (Figure 1). More than 100 86 
eucalypt species occur in the park, and the common species include Corymbia eximia, 87 
Eucalyptus squamosa and Agophora bakeri (Hammill and Tasker, 2010). Elevation ranges from 88 
50 to 1200 m and rainfall from 1000 to 1200 mm (Committee, 2008).  The Blue Mountains 89 
National Park was established in September 1959, 16 years before our first observations. 90 
Wildfire activity is associated with episodic drought periods (Bradstock, 2010). Wildfires can 91 
burn as much as 20% of the forested area within the park in any year (mean ~5%) (Price and 92 
Bradstock, 2011). 93 
Data 94 
Historical fire boundaries from 1972 onwards were obtained from the NSW (New South Wales) 95 
Department of Planning Industry and Environment (DPIE, unpublished data).  Fire severity 96 
mapping derived from satellite imagery was also from DPIE (Hammill and Tasker, 2010). In our 97 
study, we used the Hammill and Tasker, (2010) severity maps, but defined their class 3 (crown 98 
scorch) and class 4 (complete crown consumption) as high severity. All of the wildfires in the 99 
major fire years (1982, 1993, 2001, 2002, 2006) for the period 1982 to 2013 were mapped. The 100 
majority of the fires were mapped using the ΔNDVI ratio from Landsat satellite imagery (30 m 101 
resolution), though the SPOT satellite was used for one fire and the ΔNBR ratio (Miller and 102 
Thode, 2007) from Landsat imagery was used for another (Storey et al., 2016).The fire 103 
boundary and severity mapping data from DPIE have both been used in several studies of fire 104 
behavior (Barker and Price, 2018, Bradstock, 2010, Bradstock et al., 2010, Hammill and 105 
Bradstock, 2006, Price and Bradstock, 2011, Storey et al., 2016). 106 
The study area was surveyed using an aerial photographic survey conducted by the NSW 107 
Government in 1975 and again in September 2013, a 38-year interval (Figure 1). The 1975 108 
imagery was monochromatic and was digitized to a spatial resolution of 60 cm (Figure 2a). The 109 
2013 imagery was taken with a Leica ADS four-band digital sensor at a spatial resolution of 50 110 
cm (Figure 2b). 111 
We Used a GIS (geographic information system) layer of these 560 square plots (each with area 112 
of 1600 m2 (40 × 40 m)) that were randomly placed across the study area. We applied  two 113 
conditions: a) that they must be in areas mapped as dry sclerophyll forest in the vegetation 114 
map of New South Wales (NSW) (Forest type: Blue Mountain’s Dry Sclerophyll forest, 115 
dominated by Sydney montane dry sclerophyll class of vegetation) (Keith, 2017), and b) they 116 
must be at least 200 m from human structures. From photographs for each year (1975 and 117 
2013), the number of tree crowns was visually assessed (S.Rahmani) and the change in tree 118 
count was calculated as the difference of the two counts (2013-1975). To ensure consistency, 119 
one operator (S. Rahmani) assessed all photos by drawing a polygon around each canopy and 120 
counting them.  The fire data was used to calculate the number of fires and the number of 121 
severe fires (involving crown scorch or crown consumption) fires for each plot. 122 
Analyses 123 
To examine the reliability of the visual assessment of the number of adult trees, one author (O. 124 
Price) counted the number of trees in 6 additional sites by counting the number of trees in a 125 
TLS (Terrestrial Laser Scanning) scan, and the other author (S. Rahmani) counted the exact same 126 
6 sites using the air photos. The TLS data was collected as a single scan using a Leica LC30 127 
mounted at 1.5 m height. The data was then clipped to a 40x40 m cube and the point cloud was 128 
examined visually to identify individual trees. Then, we ran an interclass correlation reliability 129 
test (using IRR package in R-Studio, https://cran.r-project.org/package=irr) to evaluate the 130 
extent of agreement between the unit of observations for two different methods of tree 131 
counting (TLS and visual counting). The results show that there is an 83% interclass correlation 132 
agreement between two methods of observation. Shrout and Fleiss, (1979) have mentioned 133 
that value above 75% is considered as a significant reliability score. Thus, it is reasonable to 134 
assume that visual tree counting using air photos is consistent and represents a true estimation 135 
of tree numbers. 136 
We applied linear modeling to associate the change in tree count with the number of fires and 137 
the number of severe fires. We tested whether the effects of the number of fires and severe 138 
fires were linear or non-linear by fitting them as either continuous or categorical variables. We 139 
also examined whether the effects of severe fires differed according to which year  they 140 
occurred in by fitting individual predictors of whether each plot was severely burnt in each of 141 
the years 1982, 1993, 2001, 2002 and 2006, each as a binary variable and fitted collectively to 142 
tree number change. Model selection was undertaken using Akaike's Information Criteria (AIC). 143 
Models with ΔAIC < 4 points of the top model (i.e. with the smallest AIC) were considered as 144 
being strongly supported. Statistics were conducted using R 3.5.1 and the GLM package (Jenkins 145 
et al., 2019).To examine effects of other environmental conditions such as drought pattern, we 146 
obtained and plotted the monthly trace of the Standardised Precipitation and 147 
Evapotranspiration Index (SPEI) for a location in the middle of the study area (longitude 150.25, 148 
latitude -33.75) from https://spei.csic.es/database.html (Mitchell et al., 2014, Nolan et al., 149 
2020, Vicente-Serrano et al., 2010). SPEI is a simple climatic water balance model applied 150 
extensively as a proxy of drought severity (Mitchell et al., 2014, Nolan et al., 2020). SPEI data 151 
from precipitation data was inspected visually to determine whether any of the fire years 152 
corresponded to major drought. 153 
Results 154 
The average number of trees in each of the 560 plots was 4.73 in 1975 and 5.75 in 2013 (Figure 155 
3). Number of trees increased in 408 of these plots, remained the same in 91 plots, and 156 
decreased in 61 plots. An increase by 1 tree was the most common result but increases up to 4 157 
trees and decrease up to 2 did occur (Figure 3). Figure 3 displays the detail underlying the 158 
numerical analyses shown in Table 1 and 2. The individual plots experienced between zero and 159 
six fires and up to three severe fires during the study period (Figure 4). The total number of 160 
trees tended to increase with the total number of fires, but with considerable overlap of 161 
distributions (Figure 5a). The linear modeling for fire frequency showed that the nonlinear 162 
categorical variable was superior to the continuous variable (ΔAIC = 32.6), with fire frequencies 163 
of 0, 3, 4 or 6 fires having a positive effect on tree number change but 1 or 2 number of fires 164 
having a negative effect (though only 4 fires was statistically significant, Table 1).  165 
Plots that had experienced 0, 2 or 3 severe fires were more likely to have a larger increases in 166 
number of trees than those with 1 severe fire (Figure 5b).   Plots that had 2 or 3 severe fires had 167 
larger increases in number of trees compared to plots with no severe fires, and very few plots 168 
had decreases in number of trees (approximately 1 and 2 trees respectively, Table 2). 169 
The year of the severe fire had a strong effect on the tree number change. When severe fires 170 
were modeled individually, the severe fire had a positive effect on the tree number change in 171 
most years (1982, 1993, 2002, 2006), but in 2001 effect was less significant in increasing 172 
number of trees (Figure 6, Table 3). 173 
The SPEI in the study period 1975 to 2013 was not different from other periods in the record 174 
(Figure 7). However, 2001 occurred at the beginning of the most severe drought for the entire 175 
period. 176 
Discussion 177 
This study examined whether the fire regime has influenced the number of canopy trees over a 178 
38-year period, which is only one aspect of tree response to fire. For example, the number, 179 
sizes and growth of juvenile trees were not examined. From 1975 to 2013, 72% of plots had a 180 
positive change in the number of trees and this trend was broadly consistent irrespective of the 181 
number of fires experienced in the plots, with a slight tendency for higher increases with more 182 
fires. From this, we can conclude that wildfire per se does not negatively affect the number of 183 
canopy trees in these forests. The occurrence of several severe fires (crown scorch or 184 
consumption) tended to increase the number of trees.  In fact, the only negative fire effect 185 
detected was that plots that experienced high severity fire in 2001 experienced less increase in 186 
number of trees than others. Under severe fires, in fact, the number of trees was rarely 187 
reduced. 188 
These results are perhaps surprising given that there is much evidence that there can be a 189 
substantial reduction in live tree stems and carbon storage from a fire event, particularly if it is 190 
severe (Bennett et al., 2016; Fairman et  al., 2017). Our results undoubtedly reflect the recovery 191 
of trees between fires and given that we observed the number of large trees, not sizes of trees, 192 
it is likely that smaller trees have grown large enough to be seen in the subsequent 193 
photographs. Our results suggest that there is a balance between loss and replacement of 194 
stems and that severe fires presumably cause more loss but also more replacement.  195 
There are two possible mechanisms of replacement: the growth of smaller trees or the 196 
recruitment of new trees. Recruitment of new trees is unlikely since the 38-year period is not 197 
enough for seedlings or re-sprouts from root stock to grow large enough to be observed in our 198 
method. It is much more likely that smaller trees in place before the fire have grown to replace 199 
lost stems. Eucalypt trees in native forests (with similar rainfall) have typical diameter growth 200 
rates of about 2 mm per year (Ngugi et al., 2015), which suggests that the trees in our study 201 
would have grown by about 8 cm in diameter over the 38 years. However, juvenile eucalypts 202 
have been shown to increase their growth rates in response to fire (Lewis, 2020, Werner, 2012), 203 
presumably due to a flush of phosphorous released (Butler et al., 2018) and/or the increased 204 
light and water available due to the removal of most of the ground and shrub layer, and some 205 
of the canopy (Murphy et al., 2015).  206 
Our results suggest that although the impact of fire increases with severity, the recovery also 207 
increases. Whatever the reason, our results are in agreement with Gordon et al., (2018) who 208 
found no signal of fire history in field estimates of carbon storage in forests in the same study 209 
area and with Collins, (2020) who found repeated prescribed burning did not reduce  carbon 210 
stocks over 27 years in a similar forest type. Although those two studies measured different 211 
aspects of trees, all three studies are consistent with the idea that canopy tree biomass 212 
recovers after fire. On the other hand, Murphy et al., (2014) found that tree biomass was 213 
increasing over time in 136 savanna monitoring plots, but this change was negatively correlated 214 
with fire frequency.  215 
Our results are not necessarily applicable to all forest types, as Denham et al., (2016) found that 216 
severe fire top-killed 74% of the eucalypts in more arid dry sclerophyll forest in NSW, and 217 
Fairman et al., (2017) found high top-kill in Victorian snow gum with frequent fire. Eucalypt 218 
trees are generally a carbon sink (Hinko-Najera et al., 2017) even with frequent fires (Beringer 219 
et al., 2007), and this may be because these forests are often in successional, growing stages, 220 
sequestering more carbon than are climax communities. Carbon dioxide enrichment is not a 221 
likely cause of the observed growth, since the limited evidence suggests that it does not 222 
increase growth rates in natural Australian eucalypt forests (Collins et al., 2019), It may be that 223 
the forest is still recovering from a more intense disturbance that occurred before our study. 224 
The fires that caused the greatest loss of property in the Blue Mountains occurred in 1957 and 225 
especially 1968 (Cunningham, 1984), shortly before our study. Although the exact extent and 226 
severity of these fires are not known, their impact on the number of trees might be greater 227 
than any of the fires in our study (Murphy et al., 2014, Werner and Peacock, 2019).  228 
The fact that 2001 was the start of a severe drought period and coincided with the largest of 229 
the fire seasons (Hammill and Tasker, 2010) is most likely important in explaining why the 2001 230 
fire had a negative effect on tree densities relative to other years. It seems likely that the trees 231 
would recover more slowly from that fire than in other years (Purdie and Slatyer, 1976). Both 232 
fire and drought are known to affect growth in eucalypt trees, (Nolan et al., 2020) and drought 233 
can cause extensive mortality in Australian forests (Mitchell et al., 2014). However, the 234 
interactive effects of these disturbances have not been studied. Drought is unlikely to explain 235 
the general increase in tree numbers in our study, since the period was neither particularly wet 236 
nor dry (Figure 7). 237 
Studies of climate change predict an increase in temperature in this region, and an associated 238 
increase in fire frequency and fire intensity (Bradstock et al., 2012). Our study suggests that an 239 
increase in the number of fires or severe fire is unlikely to cause a significant decrease in tree 240 
numbers, at least over time periods of decades. However, increased temperature is likely to 241 
reduce biomass (Gordon et al., 2018) and fire fuels (Thomas et al 2014), presumably because 242 
increased temperature reduces water availability. 243 
Our method lacks the precision possible with field assessments. In particular, we cannot be sure 244 
individual tree detectability has remained consistent over time. For example, fire may have 245 
affected the gaps between trees and hence crown detectability. On the other hand, there were 246 
no other field studies or methods available that detected changes in number of trees over the 247 
time period, beginning with the 1970s. We are confident that any substantial decrease in the 248 
number of trees would have easily been detected by our method, and thus our conclusion that 249 
fires have not caused a substantial reduction in tree numbers is correct. 250 
Conclusion 251 
Our analysis has shown that trees have generally increased in number since the 1970s in the 252 
Blue Mountains and that fire is positively correlated with that increase. Further, where several 253 
severe fires have occurred, there have been no reduction in numbers of trees. The 2001 fires 254 
were less positive than fires in other seasons, probably due to its co-occurrence with an 255 
extended drought. The reason for the general increase and the positive role of severe fires 256 
remains unclear, but likely reflects recovery of the canopy layer from smaller trees in these tree 257 
populations. Our results are congruent with an emergent consensus that the trees in dry 258 
sclerophyll forests of Eastern Australia are resilient to the fire regimes of the past four decades. 259 
References 260 
 Andrich, M. A. & Imberger, J. 2013. The effect of land clearing on rainfall and fresh water resources in Western 261 
Australia: a multi-functional sustainability analysis. International Journal of Sustainable Development & 262 
World Ecology, 20, 549-563. 263 
Barker, J. W. & Price, O. F. J. E. 2018. Positive severity feedback between consecutive fires in dry eucalypt forests of 264 
southern Australia. 9, e02110. 265 
Bennett, L. T., Bruce, M. J., Machunter, J., Kohout, M., Tanase, M. A. & Aponte, C. 2016. Mortality and recruitment 266 
of fire-tolerant eucalypts as influenced by wildfire severity and recent prescribed fire. Forest Ecology and 267 
Management, 380, 107-117. 268 
Beringer, J., Hutley, L. B., Tapper, N. J. & Cernusak, L. a. J. G. C. B. 2007. Savanna fires and their impact on net 269 
ecosystem productivity in North Australia. 13, 990-1004.Bowman, D. M., Murphy, B. P., Boer, M. M., 270 
Bradstock, R. A., Cary, G. J., Cochrane, M. A., Fensham, R. J., Krawchuk, M. A., Price, O. F. & Williams, R. J. 271 
2013. Forest fire management, climate change, and the risk of catastrophic carbon losses. Frontiers in 272 
Ecology and the Environment, 11, 66-67. 273 
Bradstock, R., Penman, T., Boer, M., Price, O. & Clarke, H. 2014. Divergent responses of fire to recent warming and 274 
drying across south-eastern Australia. Global Change Biology, 20, 1412-1428. 275 
Bradstock, R. A. 2010. A biogeographic model of fire regimes in Australia: current and future implications. Global 276 
Ecology and Biogeography, 19, 145-158. 277 
Bradstock, R. A., Cary, G. J., Davies, I., Lindenmayer, D. B., Price, O. F. & Williams, R. J. 2012. Wildfires, fuel 278 
treatment and risk mitigation in Australian eucalypt forests: insights from landscape-scale simulation. J 279 
Environ Manage, 105, 66-75. 280 
Bradstock, R. A., Hammill, K. A., Collins, L. & Price, O. J. L. E. 2010. Effects of weather, fuel and terrain on fire 281 
severity in topographically diverse landscapes of south-eastern Australia. 25, 607-619. 282 
Brienen, R. J., Phillips, O. L., Feldpausch, T. R., Gloor, E., Baker, T. R., Lloyd, J., Lopez-Gonzalez, G., Monteagudo-283 
Mendoza, A., Malhi, Y., Lewis, S. L., Vasquez Martinez, R., Alexiades, M., Alvarez Davila, E., Alvarez-Loayza, 284 
P., Andrade, A., Aragao, L. E., Araujo-Murakami, A., Arets, E. J., Arroyo, L., Aymard, C. G., Banki, O. S., 285 
Baraloto, C., Barroso, J., Bonal, D., Boot, R. G., Camargo, J. L., Castilho, C. V., Chama, V., Chao, K. J., Chave, 286 
J., Comiskey, J. A., Cornejo Valverde, F., Da Costa, L., De Oliveira, E. A., Di Fiore, A., Erwin, T. L., Fauset, S., 287 
Forsthofer, M., Galbraith, D. R., Grahame, E. S., Groot, N., Herault, B., Higuchi, N., Honorio Coronado, E. 288 
N., Keeling, H., Killeen, T. J., Laurance, W. F., Laurance, S., Licona, J., Magnussen, W. E., Marimon, B. S., 289 
Marimon-Junior, B. H., Mendoza, C., Neill, D. A., Nogueira, E. M., Nunez, P., Pallqui Camacho, N. C., 290 
Parada, A., Pardo-Molina, G., Peacock, J., Pena-Claros, M., Pickavance, G. C., Pitman, N. C., Poorter, L., 291 
Prieto, A., Quesada, C. A., Ramirez, F., Ramirez-Angulo, H., Restrepo, Z., Roopsind, A., Rudas, A., Salomao, 292 
R. P., Schwarz, M., Silva, N., Silva-Espejo, J. E., Silveira, M., Stropp, J., Talbot, J., Ter Steege, H., Teran-293 
Aguilar, J., Terborgh, J., Thomas-Caesar, R., Toledo, M., Torello-Raventos, M., Umetsu, R. K., Van Der 294 
Heijden, G. M., Van Der Hout, P., Guimaraes Vieira, I. C., Vieira, S. A., Vilanova, E., Vos, V. A. & Zagt, R. J. 295 
2015. Long-term decline of the Amazon carbon sink. Nature, 519, 344-8. 296 
Butler, O. M., Rashti, M. R., Lewis, T., Elser, J. J., Chen, C. J. P. & Soil 2018. High-frequency fire alters soil and plant 297 
chemistry but does not lead to nitrogen-limited growth of Eucalyptus pilularis seedlings. 432, 191-205. 298 
Collins, B. M., Miller, J. D., Knapp, E. E. & Sapsis, D. B. 2019. A quantitative comparison of forest fires in central and 299 
northern California under early (1911–1924) and contemporary (2002–2015) fire suppression. 300 
International Journal of Wildland Fire, 28. 301 
Collins, L. 2020. Eucalypt forests dominated by epicormic resprouters are resilient to repeated canopy fires. Journal 302 
of Ecology, 108, 310-324. 303 
Committee, B. M. B. F. C. 2008. Bushfire risk management plan. Blue Mountains City Council, Katoomba. 304 
Connell, J. H. 1978. Diversity in Tropical Rain Forests and Coral Reefs. Science, 199, 1302-1310. 305 
Coop, J. D., Parks, S. A., Mcclernan, S. R. & Holsinger, L. M. 2016. Influences of prior wildfires on vegetation 306 
response to subsequent fire in a reburned Southwestern landscape. Ecological Applications, 26, 346-354. 307 
Cunningham, C. J. a. G. 1984. Recurring natural fire hazards: a case study of the Blue Mountains, Wew South 308 
Wales, Australia. 4, 5-27. 309 
Denham, A. J., Vincent, B. E., Clarke, P. J. & Auld, T. D. 2016. Responses of tree species to a severe fire indicate 310 
major structural change to Eucalyptus–Callitris forests. Plant Ecology, 217, 617-629. 311 
Enright, N. J. & Fontaine, J. B. 2014. Climate Change and the Management of Fire-Prone Vegetation in Southwest 312 
and Southeast A ustralia. Geographical Research, 52, 34-44.Fairman, T. A., Bennett, L. T., Tupper, S. & 313 
Nitschke, C. R. 2017. Frequent wildfires erode tree persistence and alter stand structure and initial 314 
composition of a fire-tolerant sub-alpine forest. Journal of Vegetation Science, 28, 1151-1165. 315 
Fernandes, P. M., Fernandes, M. M. & Loureiro, C. 2015. Post-fire live residuals of maritime pine plantations in 316 
Portugal: Structure, burn severity, and fire recurrence. Forest Ecology and Management, 347, 170-179. 317 
French, N. H. F., De Groot, W. J., Jenkins, L. K., Rogers, B. M., Alvarado, E., Amiro, B., De Jong, B., Goetz, S., Hoy, E., 318 
Hyer, E., Keane, R., Law, B. E., Mckenzie, D., Mcnulty, S. G., Ottmar, R., Pérez-Salicrup, D. R., Randerson, J., 319 
Robertson, K. M. & Turetsky, M. 2011. Model comparisons for estimating carbon emissions from North 320 
American wildland fire. Journal of Geophysical Research, 116. 321 
Gill, A. M. 2012. Flammable Australia. In: Ross Andrew Bradstock, R. J. W., A. M. Gill (ed.) Flammable Australia: Fire 322 
Regimes, Biodiversity and Ecosystems in a Changing World. CSIRO (Australia): Csiro Publishing. 323 
Gill, A. M., Christian, K. R., Moore, P. H. R. & Forrester, R. I. 1987. Bushfire incidence, fire hazard and fuel reduction 324 
burning. Austral Ecology, 12, 299-306. 325 
Gordon, C. E., Bendall, E. R., Stares, M. G., Collins, L. & Bradstock, R. A. 2018. Aboveground carbon sequestration in 326 
dry temperate forests varies with climate not fire regime. Glob Chang Biol, 24, 4280-4292.Hammill, K. & 327 
Tasker, E. 2010. Vegetation, fire and climate change in the Greater Blue Mountains World Heritage Area. 328 
Department of Environment, Climate Change and Water, Sydney. New South Wales, Australia. 329 
Hammill, K. A. & Bradstock, R. a. J. I. J. O. W. F. 2006. Remote sensing of fire severity in the Blue Mountains: 330 
influence of vegetation type and inferring fire intensity. 15, 213-226. 331 
Hatfield, J. L. & Prueger, J. H. 2015. Temperature extremes: Effect on plant growth and development. Weather and 332 
Climate Extremes, 10, 4-10. 333 
Hinko-Najera, N., Isaac, P., Beringer, J., Van Gorsel, E., Ewenz, C. M., Mchugh, I., Exbrayat, J.-F., Livesley, S. J. & 334 
Arndt, S. K. 2017. Net ecosystem carbon exchange of a dry temperate eucalypt forest. 335 
Hughes, L. J. a. E. 2003. Climate change and Australia: trends, projections and impacts. 28, 423-443. 336 
Jenkins, M., Price, O., Collins, L., Penman, T. & Bradstock, R. 2019. The influence of planting size and configuration 337 
on landscape fire risk. J Environ Manage, 248, 109338. 338 
Keeley, J. E. 2009. Fire intensity, fire severity and burn severity: A brief review and suggested usage. International 339 
Journal of Wildland Fire, 18, 116-126. 340 
Keith, D. A. 2017. Australian Vegetation, Cambridge University Press. 341 
Keith, H., Lindenmayer, D., Mackey, B., Blair, D., Carter, L., Mcburney, L., Okada, S. & Konishi-Nagano, T. 2014. 342 
Managing temperate forests for carbon storage: impacts of logging versus forest protection on carbon 343 
stocks. Ecosphere, 5, art75. 344 
Le Quéré, C., Moriarty, R., Andrew, R. M., Peters, G. P., Ciais, P., Friedlingstein, P., Jones, S. D., Sitch, S., Tans, P., 345 
Arneth, A., Boden, T. A., Bopp, L., Bozec, Y., Canadell, J. G., Chini, L. P., Chevallier, F., Cosca, C. E., Harris, I., 346 
Hoppema, M., Houghton, R. A., House, J. I., Jain, A. K., Johannessen, T., Kato, E., Keeling, R. F., Kitidis, V., 347 
Klein Goldewijk, K., Koven, C., Landa, C. S., Landschützer, P., Lenton, A., Lima, I. D., Marland, G., Mathis, J. 348 
T., Metzl, N., Nojiri, Y., Olsen, A., Ono, T., Peng, S., Peters, W., Pfeil, B., Poulter, B., Raupach, M. R., 349 
Regnier, P., Rödenbeck, C., Saito, S., Salisbury, J. E., Schuster, U., Schwinger, J., Séférian, R., Segschneider, 350 
J., Steinhoff, T., Stocker, B. D., Sutton, A. J., Takahashi, T., Tilbrook, B., Van Der Werf, G. R., Viovy, N., 351 
Wang, Y. P., Wanninkhof, R., Wiltshire, A. & Zeng, N. 2015. Global carbon budget 2014. Earth System 352 
Science Data, 7, 47-85. 353 
Lehmann, C. E. R., Prior, L. D., Williams, R. J. & Bowman, D. M. J. S. 2008. Spatio-temporal trends in tree cover of a 354 
tropical mesic savanna are driven by landscape disturbance. Journal of Applied Ecology, 45, 1304-1311. 355 
Lewis, T. 2020. Very frequent burning encourages tree growth in sub-tropical Australian eucalypt forest. Forest 356 
Ecology and Management, 459, 117842. 357 
Mclean, C. M., Bradstock, R., Price, O. & Kavanagh, R. P. 2015. Tree hollows and forest stand structure in Australian 358 
warm temperate Eucalyptus forests are adversely affected by logging more than wildfire. Forest Ecology 359 
and Management, 341, 37-44. 360 
Miller, J. D. & Thode, A. E. J. R. S. O. E. 2007. Quantifying burn severity in a heterogeneous landscape with a 361 
relative version of the delta Normalized Burn Ratio (dNBR). 109, 66-80. 362 
Mitchell, P. J., O'grady, A. P., Hayes, K. R. & Pinkard, E. A. 2014. Exposure of trees to drought-induced die-off is 363 
defined by a common climatic threshold across different vegetation types. Ecol Evol, 4, 1088-101. 364 
Murphy, B. P., Lehmann, C. E., Russell-Smith, J. & Lawes, M. J. 2014. Fire regimes and woody biomass dynamics in 365 
Australian savannas. Journal of Biogeography, 41, 133-144. 366 
Murphy, B. P., Liedloff, A. C. & Cook, G. D. 2015. Does fire limit tree biomass in Australian savannas? International 367 
Journal of Wildland Fire, 24, 1-13. 368 
Murphy, B. P. & Russell-Smith, J. 2010. Fire severity in a northern Australian savanna landscape: The importance of 369 
time since previous fire. International Journal of Wildland Fire, 19, 46-51. 370 
Murphy, B. P., Russell-Smith, J. & Prior, L. D. 2010. Frequent fires reduce tree growth in northern Australian 371 
savannas: implications for tree demography and carbon sequestration. Global Change Biology, 16, 331-372 
343. 373 
Ngugi, M. R., Doley, D., Cant, M. & Botkin, D. B. J. J. O. F. R. 2015. Growth rates of Eucalyptus and other Australian 374 
native tree species derived from seven decades of growth monitoring. 26, 811-826. 375 
Nolan, R. H., Boer, M. M., Collins, L., Resco De Dios, V., Clarke, H., Jenkins, M., Kenny, B. & Bradstock, R. A. 2020. 376 
Causes and consequences of eastern Australia's 2019-20 season of mega-fires. Glob Chang Biol. 377 
Parnaby, H., Lunney, D., Shannon, I. & Fleming, M. J. P. C. B. 2010. Collapse rates of hollow-bearing trees following 378 
low intensity prescription burns in the Pilliga forests, New South Wales. 16, 209-220. 379 
Pausas, J. G. & Keeley, J. E. 2017. Epicormic Resprouting in Fire-Prone Ecosystems. Trends Plant Sci, 22, 1008-1015. 380 
Price, O. F. & Bradstock, R. a. J. I. J. O. W. F. 2011. Quantifying the influence of fuel age and weather on the annual 381 
extent of unplanned fires in the Sydney region of Australia. 20, 142-151. 382 
Prior, L. D., Williamson, G. J. & Bowman, D. M. J. S. 2016. Impact of high-severity fire in a Tasmanian dry eucalypt 383 
forest. Australian Journal of Botany, 64, 193-205. 384 
Purdie, R. W. & Slatyer, R. J. a. J. O. E. 1976. Vegetation succession after fire in sclerophyll woodland communities 385 
in south-eastern Australia. 1, 223-236. 386 
Russell-Smith, J., Edwards, A. C. & Price, O. F. 2012. Simplifying the savanna: the trajectory of fire-sensitive 387 
vegetation mosaics in northern Australia. Journal of Biogeography, 39, 1303-1317. 388 
Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., Wild, J., Ascoli, D., Petr, M. & 389 
Honkaniemi, J. 2017. Forest disturbances under climate change. Nature climate change, 7, 395-402. 390 
Shrout, P. E. & Fleiss, J. L. J. P. B. 1979. Intraclass correlations: uses in assessing rater reliability. 86, 420. 391 
Storey, M., Price, O. & Tasker, E. 2016. The role of weather, past fire and topography in crown fire occurrence in 392 
eastern Australia. International Journal of Wildland Fire, 25. 393 
Van Mantgem, P. J., Nesmith, J. C. B., Keifer, M., Knapp, E. E., Flint, A. & Flint, L. 2013. Climatic stress increases 394 
forest fire severity across the western United States. Ecology Letters, 16, 1151-1156. 395 
Vicente-Serrano, S. M., Beguería, S. & López-Moreno, J. I. J. J. O. C. 2010. A multiscalar drought index sensitive to 396 
global warming: the standardized precipitation evapotranspiration index. 23, 1696-1718. 397 
Watson, J. E. M., Evans, T., Venter, O., Williams, B., Tulloch, A., Stewart, C., Thompson, I., Ray, J. C., Murray, K., 398 
Salazar, A., Mcalpine, C., Potapov, P., Walston, J., Robinson, J. G., Painter, M., Wilkie, D., Filardi, C., 399 
Laurance, W. F., Houghton, R. A., Maxwell, S., Grantham, H., Samper, C., Wang, S., Laestadius, L., Runting, 400 
R. K., Silva-Chávez, G. A., Ervin, J. & Lindenmayer, D. 2018. The exceptional value of intact forest 401 
ecosystems. Nature Ecology & Evolution, 2, 599-610. 402 
Werner, P. A. 2012. Growth of juvenile and sapling trees differs with both fire season and understorey type: Trade-403 
offs and transitions out of the fire trap in an Australian savanna. Austral Ecology, 37, 644-657. 404 
Werner, P. A. & Peacock, S. J. 2019. Savanna canopy trees under fire: long-term persistence and transient 405 
dynamics from a stage-based matrix population model. Ecosphere, 10, e02706. 406 
Westerling, A. L. 2016. Increasing western US forest wildfire activity: sensitivity to changes in the timing of spring. 407 
Philosophical Transactions of the Royal Society B: Biological Sciences, 371, 20150178. 408 
 409 
Table 1. Across all fires, the categorical variable number of fires during the period 1975-410 
2013 (R-square is 0.06657), the P-values, and estimates of the linear model obtained 411 
from the association of difference in number of trees in 1975 and 2013. * = p ≤ 0.05, ** 412 
= p ≤ 0.01 413 
Number of fires P-value Estimate 
0/Intercept 0.00113 ** 0.89474 
1 0.97020 -0.01068 
2 0.43233 -0.22807 
3 0.07574 . 0.51785 
4 0.01336 * 0.83499 
6 0.58817 0.35526 
Table 2. For severe fires, the categorical variable number of fires during the period 414 
1975-2013 (R-square is 0.101), the P-values, and estimates of the linear model obtained 415 
from the association of difference in number of trees in 1975 and 2013. * = p ≤ 0.05, ** 416 
= p ≤ 0.01 417 
Number of Severe fires P-value Estimate 
0/Intercept < 2e-16 *** 0.80000 
1 0.0884 . 0.18239 
2 7.48e-08 *** 1.00392 
3 2.40e-07 *** 2.00000 
Table 3. For severe fire events in five individual years (cf. Table 2), the P-values and 418 
estimates of the linear model. *** = p ≤0.001 419 
Year P-value Estimate value 
1982 5.3e-11 *** 0.28594 
1993 <2e-16 *** 0.30429 
2001 1.98e-08 *** -0.15185 
2002 3.45e-07 *** 0.22856 
2006 1.24e-12 *** 0.30369 
 420 
 421 
Figure 1. Map showing plot locations (black dots) and fires frequency (shading) during 422 
1975-2013 in the Blue Mountains National Park study area of New South Wales. 423 
 424 
Figure 2. The full map of Blue Mountain region in a) 2013 and b) 1975 of MODIS, c) 425 
zoomed version of the blue circle in (a) in 2013, d) zoomed version of the blue circle in 426 
(b) in 1975, the yellow points are 560 plots of counted trees. The star indicates the 427 
location of the Katoomba weather station. 428 
 429 
Figure 3. Distribution of tree numbers per plot across 560 plots in 1975 and in 2013 430 
(top), and the distribution of the differences in tree numbers per plot between the two 431 
years (bottom left) in Blue Mountains, Sydney, Australia. The relationship between 432 
changes in number of trees in 2013 and the initial value in 1975 (bottom right) 433 
 434 
Figure 4. The number of fires and number of high severity fires from 1975 to 2013 in 435 
Blue Mountain, Sydney, Australia. 436 
 437 
Figure 5. The association between tree change with both the number of fires (a) and 438 
the number of severe fires (b) from 1975 to 2013 in Blue Mountain, Sydney, Australia. 439 
 440 
Figure 6. Change in number of trees according to fire severity class in each fire year 441 
(1982, 1993, 2001, 2002, and 2006) 442 
 443 
Figure 7. Monthly Standardised Precipitation-Evapotranspiration Index (SPEI) at Bullaburra 444 
(longitude 150.25, latitude -33.75) from 1950 to 2013 (black line), and a LOESS (locally 445 
estimated scatterplot smoothing function) with a local span parameter of 0.1 (red line). 446 
